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We describe an apparatus to study the fragmentation of ion-molecule clusters triggered by laser excitation and transfer
of an electron from the iodide to the neutral molecule. The apparatus comprises a source to generate ion-molecule
clusters, a time-of-flight (TOF) spectrometer and a mass filter to select the desired anions, and a linear-plus-quadratic
reflectron mass spectrometer to discriminate the fragment anions after the femtosecond laser excites the clusters. The
fragment neutrals and anions are then captured by two channeltron detectors. The apparatus performance is tested by
measuring the photofragments: 1=, CF3I™ and neutrals from photoexcitation of the ion-molecule cluster CF31-I~ using
femtosecond UV laser pulses with a wavelength of 266 nm. The experimental results are compared with our ground
state and excited state electronic structure calculations and the existed results and calculations, with particular attention
to the dynamics of the photoexcitation and photodissociation.

I. INTRODUCTION

Cluster research provides a way to use molecular clus-
ters to model the microscopic behavior of chemical reactions
masked out by the averaging effect of the bulk!. Clusters
have been used as a means of preparing intermediate reac-
tants like I -CH3lI of the classic Sy2 reaction I” +CHzl in gas
phase?. Based on this unique role, clusters combined with
photoelectron imaging have been used to explore charge trans-
fer reactions”’ and the effects of solvation on the energetics
and dynamics of chemical reactions®. As a successful photo-
electron imaging method®, velocity mapping imaging (VMI)
introduced by Eppink and Parker'® has been widely used in
chemical dynamics research of neutrals and anions'"'2. The
detection of photofragments including fragment-ions and neu-
trals is equally important for understanding the dissociation
dynamics of ion-molecule clusters after excitation triggered
by pulsed laser’.

As well as electron imaging, VMI can be used to detect
fragment-ions, but it is typically limited in the range of ac-
cessible kinetic energies, e.g., below a few eV for high res-
olution imaging of a gas phase chemical reaction®'>!#. 1In
cluster ion beams, however, parent ion-molecule clusters are
accelerated to a few thousand eV to be mass-separated using
a Wiley-Mclaren time of flight (TOF) spectrometer!®, then
mass-selected and transported to photoexcitation region'®.
The resultant dissociating photofragment ions often have ki-
netic energies from a few hundred to a few thousand eV. A
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reflection mass spectrometer'®!7 is one standard method to

discriminate the photofragment ions after photoexcitation of
the parent ion-molecule cluster of a few thousand eV.

In this article we describe an experimental instrument de-
signed to investigate the excited-state dissociation dynamics
of mass-selected ion-molecule clusters by mass-resolving and
detecting photofragment-ions and neutrals. In our setup, we
have a source to generate ion-molecule clusters, a TOF mass
spectrometer and a mass filter to select the target ion-molecule
cluster, and a linear-plus-quadratic reflectron'” (LPQR) to
mass-resolve a broad range of anion fragments, detected in
parallel after photoexcitation. Neutral fragments are detected
on a separate detector in coincidence with anion fragments.
We have carried out experiments on the CF31-1~ ion-molecule
cluster photoexcited by 266 nm UV femtosecond laser pulses
to demonstrate the instrument performance. We compare the
experimental results with our electronic structure calculation
and the prior work and discuss the dynamics of the photoex-
cited cluster.

Il. APPARATUS

We have developed an apparatus to generate ion-molecule
clusters by electron attachment in a gas jet, followed by TOF
mass selection. The specified ion-molecule cluster is pho-
toexcited by a laser pulse and the resulting neutral and ionic
fragments are analyzed by mass. The apparatus consists of
three modules (Fig. 1): a source chamber where a gas mixture
is expanded into ultrahigh vacuum and irradiated with elec-
trons to create anion clusters; a TOF chamber for acceleration
of the anion clusters, and mass-selection to isolate a specific
cluster; and a detection chamber for neutral fragment detec-
tion and mass-analysis of anion fragments. The source cham-



ber houses an electron gun and a pulsed supersonic expansion
gas jet for the generation of ion-molecule clusters. The TOF
chamber contains a spectrometer and ion optics used to guide,
focus, and separate the clusters into mass-specific pulses as
well as a mass filter to select the target ion-molecule clus-
ter. The detection chamber contains the interaction volume of
the laser and the ion-molecule cluster, a reflectron TOF mass
spectrometer, and detectors to capture neutral fragments and
mass-resolved ions. A timing system was built to synchronize
the laser and anion pulses.

A. Source chamber: ion-molecule cluster generation

ITons and ion clusters are generated by irradiating a gas mix-
ture containing the target molecule with an ionizing electron
beam. Fig. 2 shows a photograph of the source chamber where
a pulsed gas jet is crossed by the continuous electron beam in
the center. The main components inside the source chamber
are also displayed: home-made electron gun, dual Faraday
cup, Even-Lavie pulsed valve'8, cooling and steering assem-
bly for the pulsed valve, copper skimmer and ion optics used
to guide ions to next chamber, which are also shown in Fig. 1.
Attached to the source chamber is a gas manifold system used
to prepare the gas mixture, and the ultrahigh vacuum pump
system used to pump down source chamber (not shown here).

A homemade electron gun is employed to deliver a focused
electron beam that ionizes the gas mixture near the exit of the
pulsed valve nozzle. The electron gun uses the Pierce design
where a tungsten filament is held at the same potential as a
conical cathode'®. An anode with a 1 mm aperture confines
the size of the electron beam after thermionic emission from
the filament. A three-element einzel lens, along with horizon-
tal and vertical deflectors, is used to focus and guide the beam
to the ionization region, at ~1 mm from the exit of the pulsed
valve. This design produces a continuous well-focused elec-
tron beam with a current of 400 pA. The energy of the electron
beam is set to 800 eV, which maximizes the ion yields within
the constraints of the experimental geometry. The interface
between the electron gun and the source chamber is a cylin-
drical aluminum shield with a 6 mm hole as the exit of electron
beam, so that it is isolated from the source chamber. The elec-
tron gun is pumped by a dedicated turbopump to increase the
operating lifetime of the tungsten filament. A sheet of p-metal
is wrapped around the cylindrical shield to decrease ambient
magnetic fields inside the electron gun. A dual Faraday cup is
used to monitor and stop the electron beam. It consists of two
coaxial cups with diameters of 4 mm and 20 mm, insulated
by Kapton film. We used the dual Faraday cup to estimate the
size of electron beam based on the currents measured from
the two cups. Additionally, we use a camera to image the op-
tical emission from the ionization volume. When combined,
these measurements provide an accurate measurement of the
electron beam size.

A gas mixture of 100 psi is delivered to a nozzle with an
opening of 100 um by a gas manifold system. The gas man-
ifold system consists of a reservoir of high-pressure gas mix-
ture (1.3% CF3I and 98.7% Ar), a 2-stage pressure regula-

tor and a pulsed valve. The pressure regulator stabilizes and
maintains the stagnation pressure of 100 psi behind the nozzle
within 0.025%. The pulsed valve is mounted on a stainless-
steel bellow with tip-tilt and linear translation controls, such
that the orientation of the pulsed valve, and the distance be-
tween the pulsed valve and the electron beam are adjustable.
The pulsed valve is tightly wrapped with a copper belt that
is connected to a cold finger by copper braids. The cold fin-
ger can be cooled by liquid nitrogen in an attached reservoir.
A thermocouple attached to the valve is used to monitor the
valve temperature.

After supersonic expansion through the pulsed valve noz-
zle, an intense pulsed gas jet is generated and crossed by the
focused electron beam coming perpendicularly. The process
involves electron-impact ionization’ and low-energy electron
attachment?!, and generates cations and anions including the
ion-molecule cluster CF3I-1~ and the iodide ion I~. The ion-
ization region is imaged onto a CMOS camera to monitor the
overlap and the size of the electron and gas beams. We op-
timize the overlap of the gas jet and the e-beam by steering
the electron beam with the electrostatic optics inside the elec-
tron gun and pulsed valve orientation with the bellow while
monitoring the optical emission at the camera in real time.
The size of the overlap region is calculated by fitting a two-
dimensional Gaussian to the image of the plasma fluorescence
(insert of Fig. 2): typically, 2.43 mmx3.23 mm at full width
of half maximum (FWHM).

The generated ions pass through a flared-conical (trumpet-
like) copper skimmer with an entrance diameter of 3 mm
which collimates the beam and allows for differential pump-
ing of the source and TOF chambers. Planar horizontal and
vertical deflectors and an einzel lens are used to transport and
focus the ions at the entrance to the TOF mass spectrometer.
The typical flight time for the ion-molecule cluster CF3I-1™ is
0.47 ms from the ionization region of the source chamber to
the extraction region of the TOF assembly. The skimmer and
ion optics are mounted on a cylindrical aluminum tube which
separates the source chamber from the TOF chamber. With
the pulsed valve running at 200 Hz and 100 psi stagnation
pressure, the pressures inside the source chamber and electron
gun are 1 —2 x 107> Torr and 2 — 3 x 10~ Torr, respectively.

B. TOF chamber: separation and selection of ion-molecule
cluster

The ions formed in the source chamber are transported
through a 6 mm aperture, and focused at the entrance of the
Wiley-McLaren style TOF mass spectrometer’” in the TOF
chamber (H in Fig. 1). The TOF chamber accommodates the
TOF mass spectrometer, a second einzel lens, a second set of
planar deflectors, and a mass filter. The TOF mass spectrom-
eter is used to extract and accelerate the ion pulses, dispersing
ions of different mass in time. The TOF mass spectrometer
can run in two modes, anions or cations, depending on the
polarity of the potentials applied to the electrodes of the spec-
trometer. The einzel lens and deflectors focus the ion beam
transversely and direct the beam to the laser interaction region
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A: Electron gun

B: Dual Faraday cup

C: Even-Lavie valve

D: Cooling assembly for Even-Lavie valve
E: Steering assembly for Even-Lavie valve
F: Copper skimmer

G: Deflectors and Einzel lens sets

H: TOF assembly

I: Einzel lens

J: Deflector sets

K: Mass filter

L: Copper pinhole

M: Reflectron assembly

N: Circular channel electron multiplier (CEM1)
O: Rectangular CEM array(CEM2)
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FIG. 1. Overview of the main components of the apparatus, consisting of the source chamber, TOF chamber and detection chamber. The gas
manifold system, pump system and electronic control system are not shown here.

in the detection chamber. The mass filter is deployed near the
temporal focal position of the TOF mass spectrometer to se-
lect the ion-molecule cluster of interest, presently CF3I-1~,
while rejecting other ions.

The TOF mass spectrometer consists of three flat ring elec-
trodes: repelling, extraction, and ground, which define an ex-
traction region with a length of 25.4 mm and an acceleration
region with a length of 15 mm. Each of the three electrodes
is machined from 316 stainless steel, with 114 mm outer di-
ameter and 3.175 mm thickness. The repelling electrode is a
solid piece while the other two have an inner aperture with a
diameter of 25 mm. The inner aperture is covered with 79 %
high-transparency stainless steel meshes to mitigate the lens-
ing effect of the aperture>?. High voltage pulses with a dura-
tion of 4 us and voltages of -3000 V and -2535 V are applied to
the repelling and the extraction electrodes, respectively. The
TOF mass spectrometer accelerates the ions in a direction per-
pendicular to their incoming velocity. The HV pulse applied
to the extraction electrode is delayed by 174 ns relative to that
of the repelling electrode. This delay eliminates most of the
energy spread introduced by the initial energy of ions and re-
duces the duration of the ion pulses from 400 ns to 80 ns
(FWHM). A constant potential of -1525 V is applied to the

middle element of the einzel lens to focus anion pulses trans-
versely. In addition, a pair of parallel plate deflectors is used
to steer the beam and compensate for the small initial trans-
verse velocity component of the ions. Each anion species in
the resulting anion beam is focused both transversely and lon-
gitudinally at the laser interaction point, 67 cm downstream
from the center of the extraction region, with a time of arrival
that depends on the mass. The operating pressure of the TOF
chamber is typically 5 x 10~ Torr.

The arrival time of the ion pulses is recorded using a chan-
nel electron multiplier (CEM) detector CEM1 placed at the
end of the detection chamber (Fig. 1), which provides the
TOF measurement. Fig. 3(a) shows a typical TOF spectrum
of anions generated using a mixture of Ar and CF31. The most
prominent peaks are identified as I~ and CF3I-I7, in addition
to small traces of I~-(CH3CN),, with n> 1. Fig. 3(b) shows
the TOF spectrum of the cations generated when CO; with 50
psi stagnation pressure is used as source, and the TOF mass
spectrometer is in cation mode by reversing the polarity of
the voltages. (COg)n+ cluster signals are recorded from n=1
to n=8 within the temporal range of the TOF spectrum, which
is limited to 20 ms in this measurement. The mass resolution
(m/Dm) of the TOF mass spectrometer is calculated to be 75



FIG. 2. Top view of the source chamber. Red solid line and blue tri-
angle indicate electron beam and gas jet, respectively, and the dashed
blue arrow represents the ion pulses generated by ionization. Insert
shows a typical CMOS camera image of fluorescence emitted from
the gas excited by the electron beam.

based on the spectrum of the CO, cation clusters shown in
Fig. 3(b). The resolution here is more than sufficient to sepa-
rate ion-molecule clusters as showed in Fig. 3(a) and Fig. 3(b).

A mass filter is employed to select the target ion-molecule
cluster and reject all others before they reach the interaction
region. The mass filter comprises three stainless steel ring
electrodes with 60 mm outer diameter, 16 mm inner diameter
and 1.6 mm thickness. A high-transparency conductive mesh
is inserted to cover the aperture at the center of each elec-
trode. A floating voltage of -3000 V is applied to the middle
electrode to repel the ion clusters with two outer electrodes
grounded. As the target ion-molecule cluster arrives at the en-
trance of mass filter, the floating voltage of -3000 V abruptly
changes to 0 V within tens of ns and holds O V for 1 ys while
the target ion-molecule cluster passes through. The voltage
changes back to -3000 V to repel the coming ion clusters as
the target ion-molecule cluster exits the mass filter completely.
Thus, only the target ion-molecule is permitted to enter the
interaction region. A cylindrical aluminum tube enclosing the
mass filter electrodes is used to shield the detection chamber
and CEM circuits from the pulsed electric fields inside the
mass filter. The total length of mass filter must be smaller than
the spatial separation between the selected ion and neighbor-
ing ions, or they will not be effectively separated. The mass
filter is placed as close as possible to the interaction region to
achieve the highest possible mass resolution.

The HV pulse to the mass filter is carefully timed such that
the TOF spectrum and the temporal shape of the ion pulses
are not distorted. We have found a delay of 16.590 pus to
be optimal for selecting CF3I-I™ clusters. Fig. 3(c) shows
the selected target CF3I-I™ in the TOF spectrum with the
mass filter on, from which we estimate 90% transmission of
CF;I-I". The cation cluster selection of (CO,); is also shown
in Fig. 3(d) using a time delay of 8.600 ps to select (COz)zr .
No counts above the noise floor are detected at the position of
the rejected peaks, suggesting a rejection close to 100%.

C. Detection chamber: photoexcitation of ion-molecule
cluster

As shown in Fig. 4, the mass-selected ion-molecule clus-
ter pulse is excited by an ultraviolet (UV) femtosecond laser
pulse which propagates in a direction perpendicular to the ion
beam. The pulses overlap at the interaction region (position O
in Fig. 4). The detection chamber contains a copper pinhole
(L in Fig. 1) for aligning the anion and laser beams and a pair
of knife edges mounted on translation stages for measuring
the transverse profile of the anion beam. The anion fragments
produced after the laser excitation are mass-resolved using a
reflectron mass spectrometer and captured using a CEM de-
tector (CEM2). The neutral fragments pass through the re-
flectron and are captured by a CEM detector (CEM1) (see
Fig. 4). The operating pressure of the detection chamber is
2 x 1077 Torr. The design details of each part here are dis-
cussed as follows.

The spatial overlap of the laser and anion beams is set us-
ing a 3 mm by 4.2 mm elliptical copper pinhole that is ori-
ented at 45° relative to the direction of both beams. The laser
beam size on the pinhole is adjusted to maximize the signal
of neutrals on CEM1 while minimizing the background of
low-energy photoelectrons generated by the UV light. A pair
of movable knife edges with CEM1 (N in Fig. 1) is used to
measure the cluster beam size in the transverse plane. The
12.7 mm-long knife edges, placed 9 mm downstream after
pinhole, are mounted on two linear feedthroughs which are
perpendicular to each other (see Fig. 4). The counts of the
cluster beam passing through are recorded by CEM1 while
the knife edges are scanned until fully blocking the cluster
beam. An error function is used to fit the counts of the cluster
beam as a function of the position of the knife edge, and the
size of the cluster beam is calculated to be 2.90 mm x3.28 mm
(FWHM) in transverse plane.

A LPQR!'7 is employed to mass-resolve the anion frag-
ments and the parent anion (see Fig. 4). To understand the
mode of the LPQR’s operation, we first examine how a LPQR
refocuses anions with a small energy spread. Considering two
anions with same mass, the anion with higher energy pen-
etrates the reflectron deeper and thus spends more time in-
side the reflectron. After both anions come out of the LPQR,
the anion with higher energy catches and overtakes the anions
with lower energy. Thus, there is a focal position where an-
ions of the same mass arrive at the same time.

The main advantage of the LPQR compared to a linear
reflectron!®, is that the focal position for anions of a certain
kinetic energy is approximately constant when the ratio be-
tween the quadratic and linear parts of the potentials applied
to the LPQR electrode is a fixed value which depends on the
kinetic energy of the anion, length of the LPQR, and the dis-
tance between the TOF mass spectrometer focus and the en-
trance of the LPQR. The detector CEM2 (O in Fig. 1) is posi-
tioned at the focus. To determine the focus position, we first
calculate the TOF of the parent anion with energy U from the
focus of the TOF mass spectrometer (O in Fig. 4) to a po-
sition after the LPQR. Here we follow the derivations given
before!” and ignore the effects from the LPQR’s small (~ 8°)



